∆ clpL mutant did not show an increased survival as wt did ( Fig 5D) . Altogether, these findings 2 6 5 indicate that ClpL is involved in the acidic stress response, which is in turn required for increased 2 6 6 intracellular survival of S. pneumoniae in IAV-infected pneumocytes. 2 6 7
Based in the RNAseq assays, we were also interested in the psaB gene that encodes for a Mn +2 2 6 8 transporter in S. pneumoniae. It was reported that the ∆ psaB mutant displays susceptibility to 2 6 9 oxidative stress [29] . We hypothesized that lack of psaB could influence the intracellular survival 2 7 0 of S. pneumoniae in IAV-infected cells due to the virus' ROS production. The ∆ psaB mutant strain 2 7 1 was 400-fold more sensitive to acidic stress ( Fig 5C) and showed 10 4 times more susceptibility to 2 7 2 20 mM H 2 O 2 , in line with previous studies [28, 29] . In contrast to the ∆ clpL mutant, ∆ psaB 2 7 3 displayed an impaired intracellular survival in non-IAV infected cells ( Fig 5E) . However, both 2 7 4 mutants failed to exhibit increased intracellular survival in IAV-infected or NAC-treated A549 cells, 2 7 5 resembling the phenotype observed for the ∆ visR mutant ( Fig 5E) . These observations confirm 2 7 6 that ClpL and PsaB are necessary for the IAV-S. pneumoniae synergistic mechanism. 2 7 7 1 Influenza A-S. pneumoniae synergism occurs only in autophagy-proficient cells 2 7 8
Previous reports showed that IAV induces autophagy but blocks the last step of the autophagic 2 7 9 process [26] [42] . S. pneumoniae [14, 43] also induces autophagy but survives in autophagic 2 8 0 vesicles [14] . In order to determine whether autophagy is affected in our IAV-S. pneumoniae 2 8 1 superinfection model, the potential increased accumulation of LC3-II due to autophagy inhibition 2 8 2 was evaluated. As controls of autophagy assays, A549 cells treated with either Bafilomycin A1, a 2 8 3 well-known inhibitor of the late phase of autophagy as well [44] , or rapamycin, a well-known 2 8 4 autophagy inducer [45] showed increased LC3-II levels by Western blot analysis (Fig S7A-B) . 2 8 5
When A549 cells were infected with either the IAV, the pneumococcal wt strain, or superinfected, 2 8 6 increased LC3-II levels were observed ( Fig S7A-B) , consistent with previous results [46] . In a 2 8 7 separate study, mKate2-hLC3 vectors [47] were transfected into A549 cells and subsequently 2 8 8 infected by either IAV, S. pneumoniae or superinfected. Confocal microscopy results indicated 2 8 9 that any of these treatments induced remarkably high mKate2-hLC3 punctation in A549 cells ( To confirm the functional role of autophagy in this viral-bacterial synergism, IAV-infected mouse 2 9 2 embryonic fibroblasts (MEF atg5-KO), which are deficient in autophagy [48] , were superinfected 2 9 3 with the pneumococcal wt strain. As control, similar treatments were performed in the parental 2 9 4 cell line (MEF wt), which are autophagy-proficient cells. A significant increase in the intracellular 2 9 5 survival of S. pneumoniae in IAV-infected MEF cells was observed similar to that observed in 2 9 6 A549 cells ( Fig 6A) . In contrast, S. pneumoniae superinfection of IAV-infected MEF atg5-KO cells 2 9 7 showed a significant decrease in bacterial intracellular survival compared to the bacterial infection 2 9 8 only ( Fig 6B) . Similarly, the ∆ visR mutant showed lower intracellular survival in non-IAV infected 2 9 9
MEFs atg5-KO relative to non-IAV infected MEFs wt, although it was equally deficient in both 3 0 0
MEFs wt and MEFs atg5-KO previously infected with IAV ( Fig 6A-B) , as observed in IAV-infected 3 0 1 A549 cells. Altogether, these results suggest that VisRH mediates the synergistic mechanism 3 0 2 between IAV and S. pneumoniae and that this phenomenon occurs only in autophagy-proficient Although S. pneumoniae is a common extracellular colonizer of the human nasopharynx, it is 3 0 6 known to cause otitis, sinusitis and invasive infections such as pneumonia, bacteremia, and 3 0 7 meningitis. Bacterial pneumonia caused by S. pneumoniae in patients infected with influenza A 3 0 8 has significant relevance in human health during seasonal and pandemic influenza. IAV 3 0 9
infections cause physical and physiological changes in the respiratory epithelium that facilitate 3 1 0 secondary bacterial infections [10] . Recent reports suggest that such infections are associated 3 1 1 with the pneumococcal ability to survive intracellularly. In this regard, Ogawa described 3 1 2 intracellular fates of S. pneumoniae and found that it is entrapped in specific autophagic vesicles 3 1 3
in MEFs [14] , which is consistent with our pneumocyte infection model [16] . In the present work, 3 1 4
we expanded these studies and found that intracellular pneumococcal survival is clearly improved 3 1 5 [57], among others. In S. pneumoniae, most of the TCSs are required for full virulence in animal 3 2 1 models of infection [58, 59] and we have shown that two of these systems, StkP/ComE and 3 2 2
CiaRH [15, 16] , are important in response to acidic and/or oxidative stress. The poorly studied 3 2 3
VisRH system (TCS01) has been previously involved in mediating virulence in intranasally-3 2 4
infected mice [18, 19] , and a rabbit endocarditis model [20] ; however, the effects on intracellular 3 2 5 pneumococcal survival were not explored. Here, we show that the intracellular pneumococcal 3 2 6 survival of the ∆ visR mutant is similar to the wt in A549 pneumocytes, suggesting that this system 3 2 7 may not be directly linked to virulence in animal models. 3 2 8
A key finding of our work was that VisR, as well as ClpL and PsaB, are involved in the stress 3 2 9 response induced by S. pneumoniae and are necessary for the increased pneumococcal survival 3 3 0 in IAV-infected cells. ClpL was formerly described as a heat-shock chaperone induced in 3 3 1 pneumococcal cells when incubated at 45 o C [34]. The ∆ clpL mutant is temperature sensitive (to 3 3 2 43 o C) but virulence remains unaffected in a murine intraperitoneal model [60] . We observed that 3 3 3
ClpL is mostly induced at pH 5.9 in the wt strain. In contrast, the ∆ clpL mutant does tolerate an 3 3 4 acidic pH of ≥ 4.8 in bacterial culture media. A similar phenotype was reported for Streptococcus 3 3 5 mutans where ClpL was also induced at pH 5.0 and it was essential for the acid tolerance 3 3 6 response [61]. We also found that the ∆ clpL mutant displayed susceptibility to hydrogen peroxide, 3 3 7
indicating that ClpL is likely a chaperone involved not only in thermal but also acidic and oxidative 3 3 8 stress responses. Previous reports showed that ClpL's activity is Mn +2 -dependent [62], further 3 3 9
adding to its potential relevance of these proteins in the general stress response of S. 3 4 0 pneumoniae. Our studies suggest that that ClpL is a key chaperone related to the general stress 3 4 1 response of S. pneumoniae and essential for bacterial intracellular survival in IAV-infected cells. 3 4 2
PsaB was previously described as an ATP-binding protein that belongs to the ABC-type 3 4 3 manganese permease [63] . Mutations on the genes that constitute the psaBCA operon result in 3 4 4 growth limitations in culture media with low Mn +2 concentration, and attenuation in four different 3 4 5
animal models of infection [64] . The PsaBCA complex is indeed a Mn +2 transporter and its protein 3 4 6 components are involved in virulence, resistance to hydrogen peroxide and superoxides [29] . The 3 4 7 psaBC mutant shows hypersusceptibility to hydrogen peroxide and superoxides [65]. We 3 4 8 observed the same phenotype in our ∆ psaB mutant, confirming that this strain is more 3 4 9 susceptible to exogenous hydrogen peroxide than the wt strain. Since the S. pneumoniae ∆ visR, 3 5 0 ∆ clpL and ∆ psaB mutants showed alterations to both acidic and oxidative stress conditions, it 3 5 1 suggests a common strategy to general stress adaptation that involves, at least, a TCS, a 3 5 2 chaperone and a Mn +2 transporter. Such cross-response mechanisms are not unique to S. 3 5 3 pneumoniae. In Streptococcus mutants, a cross-response effect between acidic and oxidative 3 5 4 stress was reported for a mutant of the oxidative stress regulator SpxA. Similar to the S. We observed that VisR controls transcription of the clpL and psaB genes by unknown 3 5 8 mechanisms. The VisR response regulator modulates the acidic/oxidative stress response of S. 3 5 9
pneumoniae to improve intracellular survival in influenza-infected cells. However, transcription of 3 6 0 necessary for the activation of the psaBCA locus [27] . Here, we demonstrate that VisR is also 3 7 0 essential for the transcriptional activation of the psaB gene, adding to complexity of this 3 7 1 regulation.
7 2
Regarding the increased intracellular survival of S. pneumoniae in IAV-infected A549 cells, it is 3 7 3 clear that VisR is necessary in IAV-infected cells to but not in non-infected cells. It is likely that 3 7 4
IAV infection produces stress conditions in pneumocytes that S. pneumoniae overcomes in a 3 7 5
VisRH-dependent manner, to improve its capacity to survive intracellularly. Based on the 3 7 6 bacterial survival assay in acidified media, where the ∆ visR, ∆ clpL and ∆ psaB cells showed 3 7 7 impaired acidic tolerance, we suggest that S. pneumoniae needs an adaptive process to survive 3 7 8 under acidic conditions, such in acidic vesicles in IAV-infected pneumocytes. Taking into account 3 7 9
that ClpL expression is induced at pH 5.9 in the wt strain and that the ∆ visR cells show 3 8 0 decreased ClpL and PsaB expression, VisRH is likely sensing acidic stress and modulating 3 8 1 adaptation to such condition (Fig 7) . 3 8 2
Related to the putative role of oxidative stress in the synergistic mechanism between IAV and S. 3 8 3 pneumoniae, it is known that IAV infection increases ROS production in A549 cells [69] . It was 3 8 4
reported that S. pneumoniae induces an oxidative stress response to survive under oxidative 3 8 5
conditions [70] . Analyzing the list of VisR-regulated genes, we focused our attention on the psaB 3 8 6 gene that encodes for a Mn +2 transporter involved in oxidative stress response in S. pneumoniae 3 8 7
[29,71]. It was described that the ∆ psaB mutant was very sensitive to hydrogen peroxide, and this 3 8 8
probably occurs due to a low Mn +2 level that affects the SodA activity [71] . In view of our results, 3 8 9
VisR controls, directly or indirectly, psaB transcription affecting the oxidative stress tolerance 3 9 0 apparently supported by SodA. To confirm this hypothesis, we tested the ∆ sodA mutant and we 3 9 1 found the same phenotype that the ∆ visR and ∆ psaB mutants, which showed increased 3 9 2 susceptibility to hydrogen peroxide. Curiously, the ∆ clpL mutant also displayed an impaired 3 9 3 hydrogen peroxide tolerance, suggesting that ClpL is essential for general stress response. 3 9 4
Regarding a putative cross stress response, it is important to highlight that ClpL is a Mn +2 -3 9 5 dependent chaperone [33], in consequence, there is a direct association with the PsaB Mn +2 3 9 6
transporter. Probably, in the ∆ psaB mutant, the observed decreased tolerance to acidic pH that 3 9 7 corresponds to diminished activity of ClpL is also due to a low Mn +2 level. 3 9 8
The importance of oxidative stress response in the intracellular survival mechanism of S. 3 9 9
pneumoniae was revealed when ROS production was inhibited in A549 cells by a NAC treatment 4 0 0 during bacterial infection. Under these conditions, we clearly observed that the wt strain 4 0 1 increased its survival, as described for A549 cells [43] , indicating that S. pneumoniae must 4 0 2 overcome this type of stress to survive intracellularly and that this pathogen is susceptible to 4 0 3 changes in ROS levels. In the intracellular context of IAV-infected pneumocytes, this virus is able 4 0 4
to increase ROS production [31] and, to achieve synergism, S. pneumoniae should be also able 4 0 5
to overcome oxidative stress. 4 0 6
Our results indicate that the lack of PsaB impaired the intracellular survival of S. pneumoniae, 4 0 7 even in non-IAV infected cells, probably because Mn +2 is needed in for many bacterial processes 4 0 8
[72]. In contrast, VisR and ClpL were not essential for this survival mechanism but VisR, ClpL, 4 0 9
and PsaB were found to be necessary for the synergism detected in S. pneumoniae in IAV-4 1 0 infected A549 cells. We propose that S. pneumoniae needs to induce a VisR-controlled adaptive 4 1 1 process during superinfection to express chaperones, such as ClpL, to refold proteins denatured 4 1 2 by acidic stress and by the IAV-induced ROS production [31], and Mn +2 transporter to provide this 4 1 3 metal that is essential for chaperone activity, among other cellular processes (Fig 7) . 4 1 4
As mentioned before, Gannage et al [26] reported that IAV infection produced accumulation of 4 1 5 autophagosome by IAV M2-induced blockage of fusion with lysosomes. On the other hand, 4 1 6
Ogawa et al. [14] reported that S. pneumoniae is able to survive in autophagic vesicles. Based on 4 1 7 these findings, we hypothesized that the IAV-S. pneumoniae synergism may depend on the 4 1 8 autophagic process. This putative autophagy-dependence was confirmed using the MEF cell line, 4 1 9
with which we reproduced the same synergism found in A549 cells, but not in the MEF atg5-KO 4 2 0 cells that are deficient in autophagy, indicating that this synergistic mechanism occurs only in 4 2 1 autophagy proficient cells. 4 2 2
Pneumococcal pathogenesis has been studied extensively in the last decades. Although S. 4 2 3 pneumoniae is considered a typical extracellular pathogen, particular attention has been given to 4 2 4 the intracellular survival mechanism in the last years, as mentioned before [15,16] [13,14] . In this 4 2 5 work, we report for the first time that the intracellular survival of S. pneumoniae is enhanced in 4 2 6
IAV-infected cells, and this synergism occurs in autophagic-proficient cells. For this survival, S. 4 2 7
pneumoniae needs a physiological adaptation to IAV-induced conditions, and we propose that 4 2 8
the VisRH TCS probably senses these changes at intracellular level and controls the expression 4 2 9
of ClpL and PsaB, which are needed to tolerate the acidic pH found in intracellular vesicles, as 4 3 0 well as the increased ROS level produced by influenza A. 4 3 1
We consider that our results contribute to the knowledge of the intracellular survival mechanism 4 3 2 of S. pneumoniae in the context of eukaryotic cells infected with influenza A, with a consequent 4 3 3 relevance for the management of secondary infections in influenza-infected patients. We propose 4 3 4 that intracellular antibiotics should be also considered for the treatment of pneumococcal 4 3 5 infections during an epidemic or pandemic influenza A. Many works have described this particular 4 3 6 viral-bacterial synergism [1, [8] [9] [10] [11] , and here we provide experimental evidence on how influenza A 4 3 7 infections enhance the intracellular survival of S. pneumoniae. 4 3 8 Bacterial and viral strains, plasmids, cell lines, and growth conditions 4 4 0
Materials and methods
All bacterial strains, oligonucleotides and plasmids used in this study, as well as cloning and 4 4 1 mutagenesis procedures, are listed in the supplementary material (Table S1 ). Oligonucleotide 4 4 2 synthesis and DNA sequencing service were performed in Macrogen Inc. (Seoul, South Korea). 4 4 3
The growth conditions and stock preparation for the pneumococcal and Escherichia coli strains 4 4 4 have been reported elsewhere [23] , and the transformation assays have been previously 4 4 5 described [23, 73] . The influenza virus A/Puerto Rico/8/1934 (H1N1) (IAV) strain was used for 4 4 6 superinfection assays. Viruses were grown in embryonated chicken eggs, and the allantoic fluid The intracellular survival assays of pneumococci were performed as reported previously [15, 16] and incubated at 37 o C for 24 h. Pneumococci were grown in THYE to the mid-log phase (OD 600nm 4 6 7 0.3) and resuspended in DMEM (with 5% FBS). Infection of cell monolayers was carried out 4 6 8 using a multiplicity of infection (MOI) 30:1. A549 cells were incubated 3 h with pneumococcal 4 6 9 strains and cells were washed three times with phosphate-buffered saline (PBS) and it was 4 7 0 added fresh DMEM (with 5% FBS) containing 150 µg/ml gentamicin sulfate (US Biological 4 7 1 G2030). After a 30 min period, cells were washed three times with PBS. The eukaryotic cells 4 7 2 were trypsinized and the occurrence of apoptosis/necrosis caused by pneumococcal infection 4 7 3 was quantified by flow cytometry (Annexin V/propidium iodide labeling kit; Invitrogen) giving 5% 4 7 4 approximately for all time points analyzed. To determine intracellular survival, cells were lysed by 4 7 5 centrifugation for 5 min at 10,000 rpm and the bacterial pellet was resuspended in THYE 4 7 6 medium. The number of internalized bacteria at different time points was quantified after serial 4 7 7 dilutions and plating on BHI 5% sheep blood agar plates with incubation for 16 h at 37 o C. The and it was approximately 5%. To perform survival assays in cells previously infected with IAV and 4 8 9 treated with amantadine, we carried out the same protocol described above, but we added 50 µM 4 9 0 of amantadine (Sigma) at the same time that gentamycin. An analysis was carried out using a 4 9 1 confocal laser-scanning microscope (OlympusFV300) with a 100× oil immersion lens, as 4 9 2 described [15]. 4 9 3 4 9 4
Susceptibility to acidic and oxidative stress 4 9 5
To determine susceptibility to acidic pH, bacterial cells were grown in Brain Heart Infusion (BHI; 4 9 6 pH 7.2) at 37 o C until OD 600nm ~ 0.3, centrifuged at 10,000 g for 5 min, resuspended in Todd 4 9 7
Hewitt-Yeast Extract (THYE; pH 4.8) and incubated for 1 h at 37 o C. To measure susceptibility to 4 9 8 oxidative stress, bacterial cells were grown in BHI at 37 o C until OD 600nm ~ 0.3, and 20 mM H 2 O 2 4 9 9 was added to the cultures for 1 h at 37 o C. To determine the survival percentage in these assays 5 0 0 (acidic and oxidative conditions), serial dilutions were made in THYE (pH 7.8) and plated onto 5% 5 0 1 of sheep blood tryptic-soy agar (TSA) plates. After 24 h of incubation at 37 o C, colonies were 5 0 2 counted to determine the number of survivors. The percentages were calculated by dividing the 5 0 3 number of survivors, at pH 4.8 or 20 mM H 2 O 2 , by the number of total cells at time zero before 5 0 4 incubation at stressful conditions. Data were expressed as the mean percentage ± standard 5 0 5 deviation (SD) of independent experiments performed in triplicate. 5 0 6
In-gel tryptic digestion and amino acid sequencing of protein bands separated by SDS-5 0 7 PAGE The protein band of 78 kDa, separated by SDS-PAGE and stained by Coomassie Blue, 5 0 8 was cut and the gel slice was incubated in 100 mM ammonium bicarbonate (pH 8.3) containing 5 0 9 45 mM dithiothreitol at 60°C for 30 min. The sample was cooled at RT, and 100 mM 5 1 0 iodoacetamide was added followed by incubation at RT in the dark for 30 min. The gel was then 5 1 1 washed in 50% acetonitrile-100 mM ammonium bicarbonate with shaking for 1 h, cut in pieces, 5 1 2 and transferred to a small plastic tube. Acetonitrile was added to shrink the gel slices and dried in 5 1 3 a rotatory evaporator. Then, the gel pieces were treated with 100 mM ammonium bicarbonate 5 1 4 (pH 8.3) containing trypsin at a 10:1 ratio (w/w, substrate: enzyme). The sample was incubated at 5 1 5 37 °C for 16 h, and digestion products were extracted twice from the gel with 0.1% trifluoroacetic 5 1 6 acid for 20 min. Extractions were loaded into a C18 high-pressure liquid chromatography column 5 1 7
(220 × 1 mm), and peptides were eluted with 80% acetonitrile-0.08% trifluoroacetic acid. Selected 5 1 8 peaks were applied to a 477A protein-peptide sequencer equipped with a 140 HPLC (Applied 5 1 9
Biosystems) and subjected to Edman degradation sequence analysis at the Laboratorio Nacional the same solvent at a final concentration of 30 mM (40 min, RT, in darkness). Proteins were 5 2 7 digested with trypsin (Promega V5111). After that, the peptides were purified and desalted with 5 2 8 0 ZipTip C18 columns (Millipore). The digests were analyzed by nano-LC-MS/MS in a Q-Exactive 5 2 9
Mass Spectrometer (Thermo Scientific) coupled to a nano-HPLC EASY-nLC 1000 (Thermo 5 3 0 Scientific). For the LC-MS/MS analysis, approximately 1 μ g of peptides were loaded onto the 5 3 1 column and eluted for 120 minutes using a reverse phase column (C18, 2 µm, 100A, 50 µm x 5 3 2 150 mm) Easy-Spray Column PepMap RSLC (P/N ES801) suitable for separating protein 5 3 3 complexes with a high degree of resolution. The flow rate used for the nano-column was 300 nL 5 3 4
min-1 and the solvent range from 7% B (5 min) to 35% (120 min). Solvent A was 0.1% formic 5 3 5 acid in water whereas B was 0.1% formic acid in acetonitrile. The injection volume was 2 µL. The 5 3 6 MS equipment has a high collision dissociation cell (HCD) for fragmentation and a Q-Exactive 5 3 7
Orbitrap analyzer (Thermo Scientific). A voltage of 3.5 kV was used for Electro Spray Ionization 5 3 8 (Easy-Spray; Thermo Scientific,). XCalibur 3.0.63 (Thermo Scientific) software was used for data 5 3 9
acquisition and equipment configuration that allows peptide identification at the same time of their 5 4 0 chromatographic separation. Full-scan mass spectra were acquired in the Orbitrap analyzer. The 5 4 1 scanned mass range was 400-1800 m/z, at a resolution of 70000 at 400 m/z and the twelve most 5 4 2 intense ions in each cycle were sequentially isolated, fragmented by HCD and measured in the 5 4 3
Orbitrap analyzer. Peptides with a charge of +1 or with unassigned charge state were excluded 5 4 4 from fragmentation for MS2. 5 4 5
A naly sis of MS dat a 5 4 6 Q-Exactive raw data was processed using Proteome Discoverer software (version 2.1.1.21 5 4 7
Thermo Scientific) and searched against Streptococcus pneumoniae (strain ATCC BAA-255 R6) 5 4 8 UP000000586 protein sequences database with trypsin specificity and a maximum of one missed 5 4 9 cleavage per peptide. Proteome Discoverer searches were performed with a precursor mass 5 5 0 tolerance of 10 ppm and a product ion tolerance to 0.05 Da. Static modifications were set to 5 5 1 carbamidomethylation of Cys, and dynamic modifications were set to oxidation of Met and N-5 5 2 terminal acetylation. Protein hits were filtered for high confidence peptide matches with a 5 5 3 maximum protein and peptide false discovery rate of 1% calculated by employing a reverse 5 5 4 database strategy. 5 5 5 ∆ visR mutant were 5 7 1 purified by TRIzol reagent according to the manufacturer's instructions (Fisher Scientific). The 5 7 2 RNA for RNAseq assays was obtained as described [16] . Data analysis was performed as 5 7 3 reported [62]. 5 7 4 Differential gene expression. 5 7 5
The aligned reads were assembled by Cufflinks (version-2.2.1), and then the differentially 5 7 6 expressed genes were detected and quantified by Cuffdiff, which is included in the Cufflinks 5 7 7 package, using a rigorous sophisticated statistical analysis. The expression of the genes was 5 7 8 calculated in terms of FPKM (fragment per kilobase per million mapped reads). Differential gene 5 7 9
expression analysis was carried out between wt and the ∆ visR samples. The A549 cells were lysed and protease inhibitor cocktail added to obtain the whole protein to be 5 8 2 quantified. The lysates with protein loading buffer were boiled for 5 min. The supernatants were 5 8 3 75. Morelli L, Llovera R, Gonzalez SA, Affranchino JL, Prelli F, et al. (2003) Differential 8 4 8
degradation of amyloid beta genetic variants associated with hereditary dementia or stroke by 8 4 9
insulin-degrading enzyme. J Biol Chem 278: 23221-23226. 
